Accurate measurements of total dissolved carbon dioxide (TCO,) together with other tracers (0, S, O,, and nutrients) have been carried out during a hydrographic survey of a zonal section between Ireland and Greenland and a number of sections in the Iceland Basin. The resulting data, with > 1300 TCO, data points, have allowed the determination of the TCO, signature of the water masses in the northern North Atlantic Ocean in terms of seven water types. The structure of TCO, and dissolved phosphate and nitrate appears to be well correlated with the apparent oxygen utilization, This indicates that ageing of the water types, by mineralization of organic matter, is more important for the observed TCO, structure than differences in the preformed TCO, when the water types were formed. The overturning of water in the "oceanic conveyor belt" will support meridional TCO, transport. This transport was estimated at 0.16. lo6 mol s-' (-0.06 Gt a-' C) from the differences of TCO, content between the northward flowing Surface and Sub-Polar Mode water and the southward flowing deep Iceland-Scotland and Denmark Strait Overflow Waters.
Introduction
The northern North Atlantic Ocean exerts considerable influence on the global climate system. The net loss of heat to the atmosphere affects air temperature at higher latitudes, but also drives the formation of cold, deep-water types. The southward thermohaline transport of the North Atlantic Deep-Water Complex is compensated by a net northward transport of warmer surface waters in the wind-driven sub-Arctic cyclonic gyre. If the spatially variable distribution of total dissolved carbon dioxide (TCO,) correlates with the thermohaline and wind-driven current field, the ocean circulation in this area may support a meridional transport of TCO, via the so-called "oceanic conveyor belt" (Broecker and Peng, 19821. For example, Brewer et al. (1989) estimated the meridional northward (63.9. IO6 mol SK') and southward (-64.6 . lo6 mol SK') fluxes of TCO, across the 25"N latitude in the Atlantic Ocean and arrived at a net southward transport (pre-industrial + anthropogenic) of -0.7 . 1 O6 mol s-' (or -0.26 & 0.03 Gt a-' Cl. Martel and Wunsch ( 1993) suggest that this transport estimate does not differ statistically significant from zero because of a too large uncertainty of the TCO, concentration as a function of position and an additional uncertainty in the circulation. Tans et al. (1990) reckoned the North Atlantic Ocean (sub-tropical gyre between 15"N and 50"N and the North Atlantic Ocean and Arctic and Polar seas north of 50"N) to take up atmospheric CO, at a rate of 0.53 Gt a-' C, of which an unknown part is the pre-industrial (steady state) uptake. Broecker and Peng (1992) assess the pre-industrial net southward cross-equatorial transport to be -1.4 1 10e6 mol s-' (-0.6 Gt aa' C) which on its own is already larger than the (pre-industrial + anthropogenic) estimate of Tans et al. (1990) .
Obviously an accurate understanding of the TCO, content, and its spatial distribution in relation to the distribution, of the various North Atlantic water types is a prerequisite for the assessment of the oceanic CO, budgets, and of the role of the different water types for the meridional carbon transport. Here we present for the first time an accurate characterization of the hydrographic structure of TCO, in the water masses in the northern North Atlantic Ocean, relying on an accurate and extensive data set of TCO, (> 1300 samples) and other hydrographic tracers as determined during the DUTCH-WARP programme in 199 1 on board RV "Tyro". A zonal section from the Irish continental shelf towards Greenland (WOCE Hydrographic Programme repeat section AR7E, nominal station distance 30 nautical miles) was combined with several high-resolution sections (nominal station distance 15 nautical miles) south of Iceland (Fig. 1) . On the AR7E section water samples from all 24 Niskin bottles were used for the determination of TCO,. The resulting vertical resolution varied from I 200 m at the mid-levels of the water column to 50 m in the near-surface and near-bottom layers. On the high-resolution sections in the Iceland Basin only 12 TCO, samples per cast were drawn. All TCO, data were obtained by coulometry with a precision of + 1.3 p,mol kg-' and an accuracy of h $_2 pmol kgg '. There exists a smaller data set (TTO-NAS from 198 1) for a zonal section between Ireland and Greenland, based on acid titration TCO, determinations with inherently lower precision ( N 7-9 pmol kg-'; Brewer et al., 1989; Stoll et al., 1993) . The earlier GEOSECS data set does not contain CO, results for its stations 1 to 23 in the Iceland region. Brewer et al. (1989) reckon the TTO-NAS data set to suffer from systematic offsets due to interfering organic matter. However, from comparing > 400 duplicates sampled during JGOFS cruises in 1989 and 1990, analysed by both coulometry and acid titration Stoll et al. (1993) find good agreement between both methods. The TTO data set being accepted, its inherent precision (5 7-9 Fmol kg-' by acid titration) is less though than for the current study (& l-2 krnol kgg ' by coulometry). The flux estimates, mentioned above are partly (Brewer et al., 1989) or largely (Broecker and Peng, 1992) (Dickson et al., 1990; Dickson and Brown, 1994; Van Aken and De Boer, 1995) . The use of salinity, potential temperature and nutrients is essential to describe the flow patterns and to understand and quantify the mixing of these interacting water types (Van Aken and De Boer, 1995) . The accurate coulometric TCO, results enable us for the first time to assess the hydrographic structure of the TCO, distribution and its importance for the meridional advective flux of dissolved inorganic carbon.
Methods
Seawater samples were collected in Niskin bottles at the stations occupied during the DUTCH-WARP cruise of RV "Tyro" along 10 sections in April/May 1991 ( Fig. 1) . Concurring parameters derived from the CTD sensors were temperature, potential temperature (0) and salinity (S) and pressure (Pl following data processing and calibrations as described by Van Aken (1992) . From the Niskin bottles samples were drawn for the analysis of dissolved oxygen CO,), total carbon dioxide (TCO,), and the dissolved nutrients silica (Si), nitrate (NO,), and phosphate (PO, ).
The 0, concentrations were measured with a high-precision automated photometric Winkler titration and their precision is estimated to be better than f0.5 pmol kg-', the accuracy is +0.5 pmol kgg'. The nutrients were analysed with a TRAACS autoanalyzer and their precision is kO.08 pmol kg-' for Si, +O. 1 1 kmol kg-' for NO, and kO.07 pmol kg-' for PO,. Their accuracy is + 0.1 I, + 0.14 and k 0.09 pmol kg-', respectively, as determined from laboratory prepared standards. The TCO, values were determined by coulometry with an automated extraction line (Johnson et al., 1987; Robinson and Williams, 1991; Stoll, 1994) with a precision of k 1.3 pmol kg-' and an accuracy of -+ 2 pmol kg-'.
The accuracy was assessed by means of Na,CO, standards.
Obvious outliers from our TCO, data were inspected and almost always found to be low values in TCO, in surface waters correlating with low values in nutrients, especially of Si, and high values in O,, indicative of the relative importance of primary production in early spring blooms of diatoms. Only three outlier values remained unaccounted for and were removed from the TCO, data set which now consists of 1375 values. The absolute TCO, values of this study are in fair agreement with the TTO data from the Iceland Basin, and with (mostly preliminary) data from colleagues taken at stations in the Iceland Basin (1989 US JGOFS at N 60"N, 2O"W; 1989-199 I UK-BOFS at N 60"N, 2O"W; NL-JGOFS at N 60"N, 2O"W; Gislefoss, unpublished results, 1992; Schneider, unpublished results, 1992) . Earlier work of Chen et al. (1990) north of Iceland was reported as excess TCO, hence not directly comparable, although the given values appear similar.
Water types and their characteristics
The hydrographic structure of the water masses in the northern North Atlantic has been described extensively by Van Aken and De Boer ( 1995) . Here we will summarize and extend their results and discuss the hydrographic structure with the help of plots (Figs. 2 and 3) of properties vs. the potential temperature (O), as well as with sections of property distributions along section AR7E (Fig. 4) at a nominal latitude of 58"N and along section F (Fig. 5 ) at a longitude of 17"W. In the O-property plots the approximate positions of the water types are indi-cated with a number. The acronyms for the water types, as used in this paper and the characteristic observed hydrographic properties of these water types are summarized in Table 1 .
The sur$ace layer
The properties of the surface water (SW, 1) are generally determined by atmospheric forcing, and by biological processes in the photic zone (algal Salinity lb blooms). Section AR7E was surveyed in early spring from 12 to 22 April, when hardly any seasonal stratification was observed. Along this section the sea surface temperature varied from well over 9.X in the Rockall Channel to slightly over 3S"C in the centre of the Irminger Sea (Fig. 4a ), well correlated with the sea surface salinity (Fig. 4b) . The highest sea surface temperatures and salinities, indicative for the core of water from the North Atlantic Current were found in the Rockall Channel ( Fig and on the northern side of the Rockall Hatton Plateau ( Fig. 5a and b) . The sections in the Iceland Basin were surveyed in the last week of April and the first two weeks of May, during the onset of the seasonal stratification. The mean sea surface OZ concentration along AR7E was only slightly undersaturated with an apparent oxygen utilization (AOU, defined in the following section) of 1.1 pmol kg-' ; standard deviation 3.8 kmol kgg ' (Fig. 2b and f> while it was on average well over-saturated during the survey of the Iceland Basin; mean AOU = -9.4 pmol kgg', standard deviation $-11.9 pmol kg-' (Figs. 3b, f and (1982) . In winter this water type reaches to the sea surface and is in direct contact with the atmosphere, due to deep convective mixing driven by surface cooling, which causes relatively weak vertical gradients in 0 and S. The depth of the SPMW layer reaches from -200 m along the edges of the Irminger Sea (Fig. 4a and b) to 800 m in the Rockall (Figs. 2 and 3a, 4a, b and 5a, b) , respectively. In the centre of the Irminger Sea SPMW appeared to be absent due to the doming of the very cold Labrador Sea Water concurring with the cyclonic circulation in this basin. SPMW appeared to be slightly undersaturated in 0, with an AOU of lo-20 prnol kg-'. Longitude Fig. 4 (continued) .
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In volume the most important water type in the Iceland Basin and the Rockall Channel is the Labrador Sea Water (LSW, 4) which is formed in the Labrador Sea by deep convection and reaches the eastern North Atlantic due to advection while it becomes modified due to diapycnal mixing Van Aken and De Boer, 1995) . LSW in the Iceland Basin is characterized by a salinity minimum (Figs. 2 and 4b and 5b) , relatively high OZ values (Figs. 3b, 4c and 5c) , and intermediate nutrient concentrations (Fig. 3c, d ). In the centre of the Irminger Sea even lower S and 0 values are observed in the LSW core between 1000 and 1300 dbar, < 34.85 and < 3S"C respectively (Fig. 4a, b) .
Deep wuter in the Iceland Basin and Rock&l Channel
In the near-bottom layers of both the Iceland Basin and the Irminger Sea competing cold water types are observed. Iceland-Scotland Overflow Water (ISOW, 5) enters the Iceland Basin by overflow across the sill on the Iceland-Scotland Ridge (Harvey and Theodorou, 1986; Van Aken and Eisma, 1987; Van Aken and De Boer, 1995) , while Lower Deep Water (LDW, 6) is observed in The Rockall Channel and also enters the Iceland Basin (McCartney, 1992) . Whereas ISOW is characterized by relatively high S, high O1 and low nutrient values LDW shows opposite characteristics (Fig. 3a-d) . The low S of LDW (Fig. 2a) is assumed to be caused by a high content of Antarctic Bottom Water (AABW; McCartney, 1992) which, at least partly, is also responsible for the extremely high Si concentration of LDW. But whereas the original AABW is characterized by high 0, values, LDW has a low 0, concentration due to re-mineralization during the long time it takes for AABW to reach the North-eastern Atlantic. The lowest 0 in ISOW, observed during our survey, was -2.OO"C, indicating that even at our section I ISOW was already modified considerably by entrainment of overlying SPMW which even caused a temperature inversion on top of the ISOW layer ( Fig. 5a ; Van Aken and De Boer, 199.5). In the Iceland Basin the ISOW is modified further by entrainment of LDW which is centred at a density level just overlying the ISOW core (Van Aken, 1995a). The volume flow of ISOW across the Iceland-Scotland Ridge is N 2.7 Sv below q9 = 27.80 kg m-j (1 Sv = IO6 m3 SK'), and increases to 3.5 Sv south of Iceland (Dickson et al., 1990; Saunders, 1993; Dickson and Brown, 1994; Van Aken, 1995b ).
Drep water in the Irminger Sea
In the Irminger Sea ISOW which has left the Iceland Basin through the Charlie-Gibbs Fracture Zone as well as cold and fresher Denmark Strait Overflow Water (DSOW, 7) was observed. The recirculating ISOW in the Irminger Sea was characterized by a salinity maximum (S > 34.95) near 34"W ( Fig. 4b) as w 11 e as by a relatively low O? values (< 275 kmol kg -I, Fig. 4~ ). DSOW, characterized by low temperatures (0 < 2"C), low nutrient values, and high O2 values (Fig. 2a-d) is transported from the overflow sill in Denmark Strait along the Greenland slope (Fig. 4a, b) . The characteristic AOU value for DSOW is _ 40 p,mol kg-'. DSOW is modified by entrainment of overlying ISOW and LSW which increases it volume transport below a;, = 27.80 kg m p3 from N 3 Sv in Denmark Strait to N 12 Sv at the latitude of our AR7E section (Dickson et al., 1990) .
The hydrographic signature of TCO,
In order to assess the importance of the conditioning of the water types during their initial formation due to air-sea interaction for the water type characteristics we have used the concept of preformed concentrations (Broecker and Peng, 1982) . The newly formed water types are assumed to have biogeochemical characteristics equal to the preformed values, and their O? concentrations are assumed to be the saturation value, in equilibrium with the atmosphere. Subsequent changes of these properties are due to ageing of the water types. Transport of the preformed TCO, (TCOY) represents the "physical pump" for the oceanic conveyor belt. The deviations of TCO, relative to TCO! are caused by the "biological pump" ( mmeralization of organic matter) and also may contribute to the meridional carbon transport.
The TCO, concentration of a water particle is modified by air-sea gas exchange. formation or dissolution of CaCO,, primary production and mineralization of organic matter. In the latter two processes changes in TCO, are accompanied by similar changes in O?, PO,, and NO,, assumed to be proportional to the "Redfield ratio": P:N:C:O, = 1:16:106:-138 (1) (Redfield et al., 1963) . From a rigorous analysis of nutrient, 0, and TCO, data on isopycnal surfaces, Takahashi et al. (1985) deduced a different Redfield ratio for the Atlantic Ocean. Taking data from sub-surface isopycnals (ati = 27.0 and 27.2 kg mp3> from the TTO-NAS and GEOSECS expeditions they showed that for this region the classic Redfield ratio underestimates OZ and overestimates the carbon effect. They gave a revised Redfield ratio for the Atlantic Ocean to be: P:N:C:O, = 1:16:103:-172 (2) Fanning (1992) with a different approach used N:P ratios to divide and characterize the oceans into so-called "nutrient provinces"
and estimated a N:P ratio of 14.7 for the Atlantic Ocean. For our purposes we want to use a "local"
Redfield ratio, applicable to our northern North Atlantic data set. In order to determine the C:O, ratio we have calculated the apparent oxygen utilization (AOU) values along the AR7E section, defined by:
From these data as well as from the PO,, NO,, and TCO, data we have determined mean profiles of these parameters for the stations along section AR7E (Fig. 6 ). These basin wide mean profiles clearly show the large scale ageing of the waters below the permanent thermocline by mineralization of organic matter; high values of AOU, PO,, NO, and TCO, below 1000 dbar. In plots of PO,, NO,, and TCO, from these mean profiles vs. AOU it is clearly visible that on a large scale the parameters are highly correlated (Fig. 7) . With a linear regression we have estimated the ratios of changes of PO,, NO,, and TCO, vs. changes of AOU to be 0.0062 + 0.0006, 0.088 f 0.006, and 0.62 f 0.02, respectively. These ratios do not differ significantly from the ratios 1:172, 14.7:172 and 103:172 as actually plotted in Fig. 7 . For the description of our data from the northern North Atlantic we therefore will use a locally valid Redfield ratio, by combining the results of Takahashi et al. (1985) and Fanning (1992) 
With this Redfield ratio it is possible to separate the original characteristics of water types from the bio-geochemically induced changes induced by mineralization of organic matter during the ageing of the water types. This is performed by the definition of . AOU (5a) TCO; = TCO, -( 103/ 172) . AOU (5b) TCO: and NO: are assumed to be representative for the conditions when the original water types were formed near the sea surface due to air-sea interaction.
Whereas the SW had a near zero value for AOU on the AR7E section in mid-April with a slight tendency to decrease with time and sea surface temperature (Fig. 4a, c> , values down to -40 pmol kg-' were observed in the Iceland Basin during the spring bloom in early May (Figs. 3f and 5e ). The latter coincided with extremely low TCO, values . When doing regression for all data, rather than for basin-wide averages, the same ratios were also found. All units are bmol kg-' near the sea surface (Figs. 3e and 5d ) as well as with the low nutrient values (Fig. 3c, d ).
The preformed values NO! and TCO; in SW appeared to be negatively correlated with the sea surface temperature (not shown), the latter with a regression coefficient of dTCOl/dT= -4 kmol kg ' "C-'. This value is about half the value which can be expected from the temperature-dependent saturation value alone, according to the model of Takahashi et al. (1993) . The low value of the regression coefficient probably reflects the effect of alkalinity (not measured) on the solubility of CO,, as well as the slow response of the TCO, content of surface water to changing environmental conditions, due to the inorganic chemistry of seawater (Keeling and Shertz, 1992) . Broecker and Peng (1982) stress that, contrary to O?, the typical adjustment time of TCO, in surface waters is about one year. This will cause TCO: to deviate from the actual saturation value of TCO,. In the SPMW below the surface layer TCO, varied between 2110 and 2140 p,mol kg-' whereas AOU in SPMW varied from 5 to 20 pmol kg-'.
The IW was characterized by maxima in both TCO, and AOU up to 2 170 and 70 pmol kg-' respectively (Figs. 2e, f; 3e, f; 4d, e; and 5d, e) . Below the IW core both TCO, and AOU decreased toward the level where LSW was found (0 = 3.4"C). There characteristic TCO, and AOU values were 2141 and 41 pmol kg-', respectively, in the Iceland Basin ( (Fig. 2e, f) .
The preformed parameters TCO: and NO: are shown in Figs. 2g, h and 3g, h. From a regression analysis it appears that on average TCO: increases with 1.4 pmol kg-' per degree temperature decrease. This is about a factor 5 less than can be expected from the effect of temperature alone on the solubility of CO, (Takahashi et al., 1993) . As with the SW we ascribe this to the compensating role of alkalinity (Takahashi et al., 1993) and the deviation of TCO; from the saturation value of TCO, during water type formation due to the slow response of the sea surface TCO, to the changing environmental conditions preceding the formation of the water types (Broecker and Peng, 1982) . Alkalinity data, obtained from the Iceland Basin near 60"N, 2O"W in 1989 and 1990 @toll, 1994) and TTO data from the Iceland Basin indicate that alkalinity may explain 20-50% of this effect, according to the TCO, saturation model of Takahashi et al. (1993) . The result is that TCO: has much less hydrographic structure than TCO, (Figs. 2e, g and 3e, g ) and that the vertical gradient in TCO, is mainly caused by the ageing by mineralization of the water types after their formation, rather than by significant differences in solubility in their formation areas. Contrary to TCO:, NO! shows a definite hydrographic structure (Figs. 2h and  3h) .
TCO, transport and the hydrographic structure
From the relation between the hydrographic structure and the TCO, distribution qualitative information on the advective transport of dissolved inorganic carbon in the northern North Atlantic Ocean may de derived. Since the depths of the sills in Denmark Strait and on the Iceland-Scotland Ridge are quite shallow (500-800 m) only SW and SPMW are assumed to enter the Nordic Seas from the North Atlantic (Van Aken, 1995b) . Deep return flows of high-density DSOW and ISOW across these sills, are driven by density differences. They transport water, which has been modified by air-sea interaction in the Nordic Seas. This implies that for the advection of IW, LSW and LDW the Irminger Sea, Iceland Basin and Rockall Channel are more or less dead ends. These water types are expected only to recirculate in these basins. Therefore their characteristic TCO, content will not contribute to an advective meridional flux of dissolved inorganic carbon. Mixing of IW, LSW and LDW with neighbouring water types only contributes to the maintenance of the observed TCO, structure, not to the meridional advective transport.
We may take the mean early spring value for TCO, in the SPMW in the Iceland Basin and Rockall Channel of 21 lo-2120 bmol kg-' to be representative for the warm and saline Atlantic water (Fig.  4d) leaving the Northeastern Atlantic across the Iceland-Scotland Ridge. For the ISOW which flows southwards we choose 2142 pmol kg-' as characteristic value observed on section I near the Iceland-Scotland Ridge and apply this value also as characteristic for DSOW in Denmark Strait. As described above the total thermohaline overturning of Atlantic water through the Nordic Seas and its transformation to DSOW and ISOW amounts to the order of 5.7 Sv. The inflow of Atlantic water to the Nordic Seas is -4 Sv higher. However, this water is not involved in the large-scale thermohaline overturning but leaves the Nordic Seas again as a near-surface flow in the East Greenland Current (Hopkins, 1991) . With a total thermohaline overturning of 5.7 Sv, and a TCO, difference between the north and south flowing water of 27 p,mol kg-', this process will result in a southward total baroclinic TCO, transport of nearly -0.16. lo6 mol s-' (-0.06 Gt a-' C). This number is definitely smaller than the total advective transport, estimated by Brewer et al. (1989) across a zonal section near 25"N to amount to -0.7 . lo-" mol s-l (-0.26 Gt a-' C). Ours is admittedly a rather crude estimate, which does not take into account the possible lateral eddy correlation between the laterally varying TCO, and velocities, either barotropic or baroclinic. It therefore leaves out the possible contribution of the East Greenland Current. Concentration of the northward transport of SW and SPMW in the eastern part of section AR7E where the lowest TCO, values were observed (Fig.  4d ) and cyclonic recirculation of the surface flow in the Iceland Basin (Otto and Van Aken, 1996) will lead to a southward transport of dissolved inorganic carbon. In the deep Iceland Basin as well as in the Irminger Sea the deep cyclonic re-circulation will support a northward carbon transport. This being said, the hydrographic transport model of Brewer et al. (1989) is not necessarily more accurate than ours, whereas our TCO, data have rather high accuracy and give a better coverage of a cross-Atlantic zonal section. More importantly, the 25"N section of theirs would also include any contributions to the North Atlantic deep-water complex from formation waters of the Labrador Sea. Consequently, one would expect the net southward flux at 25"N to be larger than at our section, as apparently is the case ( -0.7 . IO6 mol s-' vs. -0.16 IO6 mol s-'>. The difference between these transports agrees at least in order of magnitude with the CO, uptake in the North Atlantic sub-tropical gyre as estimated by Tans et al. (1990) to be 0.8 . 10' mol s-' (0.3 Gt a-' C). In any case a more elaborate determination of the total transport is required in order to come to a reliable estimate of the total exchange of dissolved inorganic carbon between the North Atlantic and the Nordic Seas as discussed by Stoll et al. (1996-this issue) .
As discussed above. most hydrographic structure of the TCO, distribution is linearly correlated with the AOU, and therefore caused by bio-geochemical processes (primary production and mineralization of organic matter). The original CO, content of the water types, reflected by the preformed TCO: (Fig.  2g) , indicates a difference between the SPMW in the Iceland Basin and ISOW/DSOW of -8 kmol kg-' . This implies that the thermohaline overturning transport of dissolved inorganic carbon, due to the preformed CO, content, is about one-third of the transport value, given above. In the calculation of TCOP we used the Takahashi stoichiometry C:O, = 103: -172 according to Eq. (4) in keeping with our observations (Fig. 7) . When using the classic Redfield ratio C:02 = 106: -138 according to Eq. (I) for the calculation of TCO; the difference between SPMW and ISOW/DSOW amounts only to -3 p,mol kg-' implying an even smaller transport of preformed CO,. So subduction of inorganic carbon by the convective processes which form the original water types, the physical pump, seems to be of minor importance for the generation of the mean vertical TCO, gradient. Most of the vertical differences of TCO, are probably caused by the mineralization of organic matter, originating from algal blooms in the surface layer. This reflects the importance of the biological pump for the generation of the hydrographic structure which supports the advective meridional baroclinic carbon flux in the northern North Atlantic, close to the overflow sills.
